We demonstrate a tunnel diode composed of a vertical MoS 2 /SiO 2 /Si heterostructure. A MoS 2 flake consisting four areas of different thicknesses functions as a gate terminal of a silicon field-effect transistor. A thin gate oxide allows tunneling current to flow between the n-type MoS 2 layers and p-type Si channel. The tunneling-current characteristics show multiple negative differential resistance features, which we interpret as an indication of different conduction-band alignments of the MoS 2 layers of different thicknesses. The presented tunnel device can be also used as a hybrid-heterostructure device combining the advantages of two-dimensional materials with those of silicon transistors. 6,7 and a tool for tunneling spectroscopy. 4 In particular, tunneling spectroscopy, which is typically done using a scanning tunneling microscopy (STM), provides not only information about energy quantization, not observable in conventional current characteristics of FETs, but also can be used to implement light emitting devices.
Downsizing of Si field-effect transistors (FETs) has allowed ever-advancing performance and integration of electrical circuits. The downsizing also provides Si with unique characteristics including band-gap opening, 1,2 energy-level quantization, 3, 4 and valley splitting, 5, 6 which open ways for fascinating applications, e.g., a resonant tunneling diodes, 3 a light emitting diodes, 6, 7 and a tool for tunneling spectroscopy. 4 In particular, tunneling spectroscopy, which is typically done using a scanning tunneling microscopy (STM), provides not only information about energy quantization, not observable in conventional current characteristics of FETs, but also can be used to implement light emitting devices. 8 These approaches promise for "More than Moore," which expands functions of Si FETs and their circuits. However, since Si has indirect band gap and heavy electron mass, applications utilizing band-diagram engineering have limitations compared to compound semiconductors. Two-dimensional materials, on the other hand, have recently emerged as a candidate to substitute Si in "Beyond CMOS." With direct bandgaps and lighter electron masses, two-dimensional materials have attracted much attention because of their potential for electronic and optical applications as well as physics. The research on the twodimensional materials had been boosted by the pioneering works on graphene 9, 10 and has covered other materials including transition-metal dichalcogenides MX 2 and black phosphorous. [11] [12] [13] These two-dimensional materials are composed of layers with strong in-plane bonds and with weak van der Waals force mediated interlayer interactions, making possible to exfoliate them into atomically thin layers. MoS 2 , one of the layered MX 2 materials, has been studied widely for various applications such as transistors, 14, 15 photo sensors, 16, 17 and valleytronics and spintronics devices. 18, 19 In analogy with other two-dimensional materials, the band gap of MoS 2 is modulated by the number of MoS 2 layers, showing an indirect band gap of 1.28 eV in bulk that increases while reducing the number of layers. In the single-layer limit, MoS 2 exhibits a direct band gap of 1.9 eV, 20, 21 promising for light-emitting diodes. 22, 23 In any applications using two-dimensional materials, the energy-band structure and the relative band alignments are crucial inputs for designing and understanding devices.
In this work, we present a tunnel diode based on a combination of an MoS 2 gate with a Si FET. Using a n-typeMoS 2 /SiO 2 /p-type-Si heterostructure, we observe current characteristics with multiple negative differential resistance (NDR) peaks. The appearance of the multiple NDR peaks suggests a signature of different conduction-band alignments of the different numbers of the MoS 2 layers, which is then observed in the tunneling spectroscopy in a solid-state device. The combination of Si with two-dimensional materials also promises for providing functionality taking advantage of Si FETs and two-dimensional materials.
A Si FET is fabricated from a silicon-on-insulator (SOI) wafer [ Fig. 1(a) ]. The SOI channel has two areas with thicknesses of 30 and 65 nm [see Figs. 1(b) and 2(a)], which are used for restricting an area through which tunnel current can flow (see detailed discussion later). The SOI channel is covered with 6-nm-thick thermal oxide. A Si substrate is used as a back gate. Since the source and drain terminals are lightly doped with boron impurities, the device functions as a pseudo FET, and negative back-gate voltage V G makes the MOSFET characteristics p-type. In the next step, AuPd(70 nm)/Ti(10 nm) electrodes for electrical contact to an MoS 2 flake are patterned by electron-beam lithography on a buried oxide (BOX) as shown in Figs. 1(b) and 2(b). In order to transfer the MoS 2 flake precisely onto the thinner part of the SOI channel and onto the AuPd/Ti electrodes, we used an all-dry deterministic transfer technique, 24 which can place the flake with spatial precision of a few micrometers, as shown in Figure 1 In Fig. 2 , we present the principle of operation of the device. In order to operate the p-insulator-n tunnel heterostructure, the carrier densities and conductivities of the MoS 2 layer and the Si channel must be optimized. The conductance of both can be tuned using a global back gate formed from the doped silicon substrate of the device. Figures 2(a) and 2(b) show the gate dependence of the conductance of the silicon channel and of the MoS 2 layer, respectively. At negative gate voltages, the silicon channel is conducting, and for positive voltages in this voltage range, the silicon channel is depleted, consistent with the bulk p-doping of the channel layer. In contrast, the MoS 2 layer is conductive for positive gate voltages and becomes insulating for negative gate voltage, consistent with the background n-type doping commonly observed for MoS 2 flakes. Since the parts of the MoS 2 flakes on the top surface of the BOX are closer to the back gate than the other parts of the MoS 2 flakes on the SOI, the former MoS 2 has resistance lower that the latter, which means that measured current characteristics originate from the part of the MoS 2 flakes on the SOI channel. The relatively small on-off current ratio ($10) of the MoS 2 layer compared to other reports 14, 15 is likely due to electron tunneling from the MoS 2 flake to the floating Si channel which then limits our ability to achieve high electron density induced in the flake.
Figure 2(c) shows the tunnel current through the device when operated as a heterostructure tunnel diode for different gate voltages. We experimentally confirmed that the tunnel current originates only from the active area of the device where the Si-channel is 30-nm thick by confirming that no tunnel current is observed in another device without the 30-nm-thick region. This absence of tunnel current from the 65-nm-thick regions is because holes are induced at the bottom of the Si channel, and the hole wavefunction in the 65-nm-thick Si-channel regions does not extend fully to the top surface of the SOI channel facing the MoS 2 . On the other hand, in the 30-nm-thick channel regions, holes are induced at both the top and bottom of the channel, which makes the whole 30-nm-thick channel conductive. From this, we conclude that the measured current originates from the tunneling between the MoS 2 flake and 30-nm-thick Si-channel [ Fig. 1(b) ]. The SOI channel and MoS 2 flake also act as gates for each other: carrier densities in the SOI and MoS 2 layers are modulated by the MoS 2 flake and SOI channel voltages, respectively. At V G ¼ À4 V (green trace), although the MoS 2 flake seems to be depleted as shown by Fig. 2(b) , voltage (0 V) applied to the SOI channel generates electrons in MoS 2 . Similarly, at V G ¼ À2 V (red trace), V MoS2 generates holes in the SOI channel. Since carriers are also modulated by V G , mechanism of current characteristics is complicated, but nonetheless they are modulated clearly by V G as shown in Fig. 2(c) . At V G ¼ À1 and À4 V, since carriers are not sufficiently generated for channel inversion, current is monotonically changed by V MoS2 . At V G ¼ À2 V (red trace), a sufficient density of holes and electron are induced in the silicon channel and MoS 2 layer, respectively. At this gate voltage, we now also observe additional features in the tunnel current that are not present in the other two configurations. Figure 3 (a) shows a zoomed plot of the tunnel current in the region of these additional features. The data show four clear peaks in tunnel conductance occurring at different bias voltages. We interpret these four features as corresponding to the bias voltage across the p-insulator-n heterojunction aligning to conduction band edge corresponding to the four different thicknesses of MoS 2 . This is illustrated schematically in Figure 3(b) . At zero bias voltage, the Fermi levels of the MoS 2 layer and the Si channel are aligned. From the in-plane conductance of the device [Figs. 2(a) and 2(b)], we know that the silicon channel and MoS 2 layer have p-type and n-type characteristics, respectively. Although I mos2 is very small at V G of À4 V as shown in Fig. 2(b) , electrons are sufficiently induced in the MoS 2 layer by voltage (0 V) applied to the silicon channel, instead of V G . From this, we conclude that the Fermi levels of the MoS 2 layer and the Si channel are located over the conduction band of the MoS 2 and under the valence band of the silicon, respectively, as shown in Fig. 3(b) . The conductance measurements also indicate that the in-plane resistance of the silicon channel and MoS 2 layers is lower than that from the tunnel barrier SiO 2 , ensuring that the voltage bias is dropped dominantly over the insulating tunnel barrier. As the bias voltage across the tunnel junction is swept, the electrons over the conduction band in the MoS 2 layer tunnel between the valence band and Fermi level of the silicon channel. As the applied bias voltage is made more negative, the valence band of the Si tunnel contact passes through the edge of the conduction band of the MoS 2 layer, giving first a peak in current characteristics, followed by a drop as the valence band of the Si channel is aligned inside the band gap of the MoS 2 layer. From this reasoning, the voltage at which the NDR peak occurs is a measure of the energy difference between the conduction band of the MoS 2 and the valence band of the silicon channel. The height of the NDR peaks depends on tunnel resistance of 6-nm-thick SiO 2 and a surface area of the MoS 2 contacting the silicon channel. This mechanism for such NDR peaks feature is the same as a conventional tunnel diode, 26 except for existence of the tunnel barrier in our device instead of a depletion region.
As already noted, the data show four clear NDR features. In contrast to the single NDR observed in a conventional tunnel diode, the origin of four peaks here lies in the fact that tunneling from the Si channel is probing four areas of MoS 2 of different thicknesses. It is well-established that MoS 2 undergoes significant changes in its electronic band gap as a function of layer thickness. Although other experimental and theoretical studies to date have focused on changes in band gap, it is likely that these changes in band gap alignment itself also change as the number of layers is changed. In the context of the tunneling experiment in Fig. 3(a) , this would result in four distinct NDR features: they appear one by one as the top of the valence band of the Si channel aligns with the bottom of the conduction bands of MoS 2 layers of different thicknesses. Using this, we can extract the relative band alignment of MoS 2 layers of different thicknesses from the position of the peaks in bias voltage. Figure 3(b) shows a summary of the alignments obtained in our experiment, combined with bandgap measurements from optical measurements. 21 We find that there are band offsets in conduction bands among four MoS 2 areas and that valence bands and centers of the bad gaps are also misaligned. These misalignments can be extracted by a combination of optical measurements from the literature with the tunneling spectroscopy presented here. We also note that since the NDR peaks occur at positions corresponding to when the bottom of the MoS 2 conduction band crosses the top of the Si valance band, the NDR peak position is also independent of the doping level of both the Si and MoS 2 channels, so long as they are all sufficiently highly doped that the in-plane resistances are all lower than the tunnel barrier resistance. We also note that our measurements imply that the regions of different MoS 2 thicknesses have different doping levels due to the different contact potential between each and the Si channel below.
Similar tunneling devices can be formed using only two-dimensional materials, [27] [28] [29] allowing to make a tunneling layers only few-atoms thick and thus to increase tunneling current. However, a tunnel device based on an FET advantages from fabrication techniques compatible with well-established ones for microelectronics. Particularly, since both n-type and p-type channels can be easily formed by changing V G in a pseudo FET as our experiments or by using doped Si wafers, a p/insulator/n heterojunction can be easily constructed for any two-dimensional materials regardless n-type and p-type. Additionally, while analysis using photoluminescence is sensitive to a direct/indirect band gap and gap size because of limited light source and/or detection, our tunnel diode can provide information of the band structure for two-dimensional semiconducting materials regardless the gap size and direct/indirect nature of the gap. Although an STM is also a powerful tool to analyze an energy band structure, 30 our tunneling device needs no vacuum condition unlike the STM. Measurements at very low temperature 4, 8 and high magnetic field are also easier in our device with respect to optical spectroscopy techniques and the STM. More interestingly, the p/insulator/n heterojunction allows electron or hole injection from Si to the two-dimensional materials, and photoemission from the twodimensional materials having a direct band gap will be possible using a Si-based device although Si itself does not emit photon, which means that such hybrid of Si and twodimensional materials expands their functionalities.
In summary, we demonstrated a tunnel diode composed of a single and few-layer MoS 2 flake and a Si FET. Vertical tunneling in the heterostructure displays a series of NDR peaks. We attribute to the onset of tunneling into MoS 2 areas composed of different thicknesses and extract a measure of the relative band alignment in MoS 2 as a function of the number of atomic layers. The results provide information into the band structure of MoS 2 that is not accessible with optical techniques and demonstrate a unique electrical tool for the analysis of energy-band structures of two-dimensional materials.
